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ABSTRACT 


A  previously-built  antenna  pattern  measurement  system,  consisting  of  a  short  transmitting 
dipole  and  self-contained  transmitter  towed  behind  a  light  aircraft,  was  modified  to  permit  meas¬ 
urements  of  both  antenna  gain  and  relative  phase.  A  differential  GPS  positioning  system  was 
added  to  provide  the  necessaray  accurate  transmitter  position  information.  The  pattern  measure¬ 
ment  system  is  intended  for  calibrating  HF  antenna  arrays  used  in  direction-finding  and  other 
applications  requiring  knowledge  of  the  array  manifold. 

The  system  was  used  to  provide  element  pattern  measurements  on  an  HF  antenna  array 
located  near  Ottawa.  The  measurements  provided  a  measure  of  the  accuracy  of  the  pattern  meas¬ 
urement  technique  and  its  limits  of  applicability.  The  element  patterns  were  observed  to  be 
affected  by  interactions  between  neighbouring  elements  and  other  localized  features  and,  to  a 
lesser  extent,  by  larger-scale  more  distant  ground  or  topographical  effects. 


RESUME 

On  a  modifid  un  dispositif  pour  mesurer  le  diagramme  de  rayonnement  des  antennes  pour 
permettre  a  celui-ci  de  mesurer  k  la  fois  le  gain  et  la  phase  relative.  Le  dispositif  initial  dtait  con- 
stitud  d'un  dipole  et  d'un  dmetteur,  le  tout  remorqud  par  un  avion  ldger.  Un  dispositif  GPS  a  dtd 
ajoutd  au  dispositif  initial  afin  de  permettre  l’acquisition  de  donndes  prdcises  sur  la  position  de 
l'dmetteur.  Le  dispositif  amdliord  de  mesure  de  diagrammes  de  rayonnement  d'antennes  est  des- 
tind  k  la  calibration  de  rdseaux  d'antennes  HF  utilisdes  en  radiogoniomdtrie  et  autres  applications 
pour  lesquelles  une  connaissance  de  rdseaux  d'antennes  est  requise. 

Le  systdme  fut  utilisd  pour  l'obtention  des  diagrammes  de  rayonnement  des  dldments  d'un 
rdseau  d’antennes  situd  prds  d'Ottawa.  Ces  mesures  permirent  de  ddterminer  la  prdcision  de  la 
technique  de  mesure  des  diagrammes  de  rayonnement  et  aussi  de  ddterminer  les  limites  duplica¬ 
tion  de  la  technique.  II  fut  observd  que  les  diagrammes  de  rayonnement  des  dldments  sont  influ- 
encds  par  les  interactions  avec  les  dldments  voisins,  par  les  particularitds  topologiques  du 
voisinage  et  k  un  moindre  degrd  par  les  particularitds  topologiques  lointaines  k  grande  dchelle. 


EXECUTIVE  SUMMARY 


In  order  to  address  the  need  for  calibrated  HF  antenna  arrays  for  direction-finding  and 
other  applications,  a  previously-built  antenna  pattern  measurement  system  (Xeledop)  has  been 
refurbished  and  modified  to  provide  relative-phase  as  well  as  gain  measurements.  The  Xeledop 
consists  of  a  small  transmitting  dipole  assembly  towed  behind  a  light  aircraft  The  transmitting 
dipole  emits  a  tone  at  one  of  six  frequencies,  from  5  to  18  MHz.  The  transmitter  location  is  pro¬ 
vided  by  a  differential  global  positioning  system  (GPS),  with  the  master  GPS  receiver  located 
aboard  the  aircraft,  and  another  at  a  nearby  ground  reference  location.  A  notebook  computer  on 
the  aircraft  records  positions  and  provides  the  pilot  with  a  display  of  the  aircraft  location  relative 
to  the  intended  flight  path.  Typical  aircraft  flight  paths  include  circular  paths  at  constant  height, 
from  which  azimuthal  patterns  for  fixed  elevations  may  be  found;  and  radial  paths  also  at  constant 
height,  which  are  used  to  obtain  elevation  patterns  at  a  fixed  azimuth.  The  antenna  array  under 
calibration  is  required  to  provide  a  means  of  recording  the  received  signals  as  well  as  maintaining 
timing  with  respect  to  the  aircraft  (GPS)  position  recording. 

The  Xeledop  was  used  to  measure  the  gain  and  relative-phase  patterns  of  an  HF  antenna 
array  near  Ottawa,  similar  to  one  planned  for  direction-finding  measurements  in  the  arctic.  The 
signals  received  by  this  array  were  reduced  to  audio  frequencies  where  they  were  digitized  and 
recorded.  The  recordings  were  Fourier  analyzed  to  determine  the  exact  frequency  of  transmission 
and  the  corresponding  amplitude  and  phase  of  the  signal  at  each  antenna  at  that  frequency.  In  this 
way,  received  Xeledop  signals  were  measured  with  very  high  sensitivity  by  effectively  restricting 
the  signal  measurements  to  a  very  narrow  band,  whose  central  frequency  tracked  that  of  the  Xele¬ 
dop  thus  compensating  for  any  frequency  drift  or  Doppler  shift. 

The  refurbished  Xeledop  system  was  found  to  be  capable  of  providing  good  gain  and  rel¬ 
ative-phase  patterns  at  elevation  angles  between  4.5°  and  45°.  The  4.5°  lower  limit  was  set  by 
the  increased  region  of  ground  contributing  to  the  antenna  response  at  low  elevations,  especially 
at  lower  radio  frequencies,  together  with  the  limited  distance  away  from  the  antenna  array  that  the 
Xeledop  can  be  flown  at  without  exceeding  the  aircraft  ceiling  height  (for  any  given  elevation 
angle).  The  45°  upper  limit  was  set  mainly  by  small  variations  in  the  orientation  of  the  towed 
transmitting  dipole. 

The  pattern  measurements  showed  that  the  HF  antenna  elements  were  affected  by  electri¬ 
cally  coupled  nearby  conducting  elements  and  local  features  external  to  the  array,  as  well  as  more 
distant  ground  features.  The  electrically  coupled  localized  effects  dominated  the  azimuthal  pat¬ 
terns  at  elevation  angles  of  11 0  and  higher,  while  the  ground  effects  were  more  important  at  the 
lowest  elevation  angle  used  (4.5°  ),  especially  at  the  lower  HF  frequencies. 

Further  work  recommended  in  this  area  includes:  numerical  modelling  of  the  antenna 
array  to  establish  the  degree  to  which  the  antenna  patterns  observed  with  the  Xeledop  agree  with 
modelling  predictions,  and  evaluating  the  effect  of  antenna  gain  errors  on  the  direction-finding 
process. 
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1.0  INTRODUCTION 


Advances  in  digital  signal  processing  technology  have  led  to  the  implementation  of  sam- 
pled-aperture  HF  antenna  arrays  for  various  applications,  including  direction-finders,  sky-wave 
and  surface-wave  HF  radar,  and  adaptive-antenna  interference  cancellers.  These  systems  often 
make  use  of  the  antenna  pattern  information,  both  amplitude  and  phase,  in  performing  their  func¬ 
tion.  In  some  cases  (e.g.,  sparse-array  direction-finding,  adaptive  antenna  systems  employing 
directional  constraints)  precise  pattern  information  is  required  for  successful  operation. 

HF  antenna  patterns  are  very  sensitive  to  local  conditions.  Mutual  coupling  between  the 
antennas  in  an  array  has  a  strong  effect  on  their  patterns.  The  nature  of  the  ground,  local  inhomo¬ 
geneities,  and  neighbouring  structures  all  have  significant  effects.  Seasonal  and  weather-related 
effects  can  be  important,  as  the  ground  dampness,  whether  it  is  wet  or  frozen,  and  the  possible 
existence  of  a  layer  of  snow  or  ice,  will  influence  the  electrical  constants  of  the  ground  and  its 
reflection  properties  [1]. 

Ideally,  the  antenna  patterns  could  be  calculated  from  theory.  However  for  most  HF 
antenna  applications,  many  of  the  relevant  parameters  are  not  known  or  can  change  with  time. 
The  ground  parameters,  local  inhomogeneities,  and  neighbouring  structures  would  all  have  to  be 
measured.  The  detail  and  precision  required  in  order  to  obtain  reasonably  accurate  patterns  is  not 
clear;  it  varies  with  the  local  conditions  as  well  as  the  application.  In  many  cases,  it  may  be  more 
appropriate  to  conduct  antenna  pattern  measurements  more  directly. 

A  CRC- built  antenna  pattern  measurement  system  (Xeledop)  was  developed  about  18 
years  ago,  for  measuring  antenna  gain  patterns.  This  system  consisted  of  a  short  transmitting 
dipole  towed  behind  an  aircraft.  The  received  signal  strength  from  the  (ground-based)  antenna  of 
interest  was  recorded  on  a  strip  chart,  along  with  time  information.  A  portable  radar  system 
located  near  the  ground-based  antenna  was  used  to  determine  the  direction  and  distance  to  the  air¬ 
craft.  The  radar  data  was  also  recorded  and  merged  with  the  signal  data  in  order  to  obtain  the  pat¬ 
terns.  This  system  was  used  with  considerable  success  to  measure  the  antenna  patterns  of  a 
number  of  communications  antennas,  both  experimental  and  operational  [2]. 

The  Xeledop  pattern  measurement  system  has  recently  been  refurbished,  in  order  to 
address  an  HF  direction-finding  (DF)  array  calibration  requirement.  The  added  need  for  a  phase 
(as  well  as  amplitude)  calibration  required  much  more  accurate  position  determination  for  the 
towed  transmitter  than  was  previously  achieved  with  the  portable  radar.  In  order  to  accommodate 
this  requirement  and  also  modernize  the  data  recording  system  at  the  same  time,  a  differential 
GPS  positioning  system  and  a  portable  PC  (for  recording  and  displaying  positions)  were  incorpo¬ 
rated  into  the  Xeledop.  The  refurbishment  was  designed  and  executed  under  contract  by  Petrie 
Telecommunications  Ltd.  of  Ottawa.  A  report  [3]  provides  a  detailed  description  of  the  refur¬ 
bished  system. 

In  order  to  test  the  refurbished  Xeledop  pattern  measurement  system  and  gain  experience 
in  its  use  with  direction-finding  arrays,  pattern  measurements  were  carried  out  with  a  12-element 
DF  array  installed  outside  Ottawa,  near  Leitrim.  These  tests  were  carried  out  with  the  assistance 
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of  Petrie  Telecommunications  who  flew  the  Xeledop  transmitter  and  recorded  the  position  infor¬ 
mation,  and  CSE  who  operated  the  DF  array  recording  system  and  provided  signal  recordings. 

The  present  report  presents  an  overview  of  the  Xeledop  recording  system  and  the  results 
of  the  Leitrim  pattern  measurements.  The  results  are  interpreted  both  in  terms  of  the  Xeledop  per¬ 
formance  and  its  potential  for  measurements  of  this  type,  and  the  characteristics  and  predictability 
of  the  antenna  patterns  of  the  DF  array. 


2.0  THE  XELEDOP  PATTERN  MEASUREMENT  SYSTEM 

The  Xeledop  pattern  measurement  technique  is  illustrated  in  Figure  1.  The  towed  trans¬ 
mitting  dipole  radiates  an  HF  tone  which  is  received  by  the  antenna  array  whose  patterns  are 
being  determined.  The  received  signals  are  recorded  at  the  array,  along  with  accurate  time  infor¬ 
mation.  The  aircraft  location  is  determined  by  the  differential  GPS  system,  consisting  of  one  GPS 
receiver  at  a  ground-based  reference  location  and  a  second  receiver  aboard  the  aircraft.  A  UHF 


radio  link  relays  the  ground-received  GPS  information  to  the  aircraft,  and  position  recording  is 
performed  on  the  aircraft,  along  with  the  GPS  time.  A  correction  is  later  made  to  the  data  for  the 
fact  that  the  Xeledop  transmitter  is  located  some  distance  behind  and  below  the  aircraft. 

The  rest  of  this  section  provides  a  brief  description  of  the  Xeledop  equipment  and  its  oper¬ 
ation.  Details  can  be  found  in  the  contractor’s  report  [3]. 
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2.1  Towed  Xeledop  Transmitter 


Figure  2.  Xeledop  towed  transmitter  and  towing  assembly. 

The  Xeledop  system  is  designed  to  be  towed  behind  a  Cessna  172  aircraft.  Figure  2  pro¬ 
vides  a  diagram  (not  to  scale)  of  the  towed  transmitting  unit  and  its  towing  assembly.  The  unit 
consists  of  a  battery-powered  HF  transmitter  contained  in  a  fibreglass  sphere.  Attached  to  the 
sphere  are  two  conducting  rods,  each  about  1.5m  long,  forming  a  short  dipole  antenna  with  the 
sphere  at  the  center.  A  towing  harness  is  attached  to  the  sphere  along  an  axis  perpendicular  to  the 
dipole  antenna,  so  that  the  transmitting  unit  is  free  to  rotate  about  the  harness  axis.  At  the  outer 
end  of  the  dipole  antenna  are  screw-on  stabilizing  units  intended  to  maintain  the  antenna  in  either 
a  vertical  or  horizontal  position.  For  measurements  requiring  a  vertically  polarized  transmission 
(i.e,  the  vertical  position),  the  upper  unit  used  is  a  small  light  sphere  and  the  lower  unit  is  a  much 
heavier  similar-size  sphere.  For  horizontally  polarized  pattern  measurements,  the  dipole  antenna 
is  maintained  parallel  to  the  path  of  travel  of  the  aircraft  (parallel  to  the  air  flow),  with  a  small 
sphere  attached  at  the  front  and  a  counterbalanced  sphere  and  fin  attached  to  the  back. 

Upon  takeoff  and  landing,  the  transmitter  unit  is  held  tightly  against  the  underside  of  the 
carrying  assembly,  by  the  tension  in  the  (wound)  non-conducting  towing  cable.  Just  before  take¬ 
off,  the  transmitter  is  started,  and  commences  to  run  off  its  internal  batteries.  After  takeoff,  the 
towing  cable  is  unwound  from  a  motorized  reel  inside  the  aircraft  door,  so  that  the  transmitter  unit 
drops  free  of  the  carrying  assembly  and  assumes  its  towed  orientation  behind  and  below  the  air¬ 
craft.  Normally  the  transmitter  is  towed  about  52  m  behind  and  25  m  below  the  aircraft. 
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2.2  Differential  GPS  Aircraft  Position  Determination  System 


Figure  3.  Differential  GPS  aircraft  positioning  and  recording  system. 

The  differential  GPS  aircraft  position  determination  system  is  illustrated  in  Figure  3.  The 
reference  receiver  is  located  at  a  ground  location  whose  geographic  coordinates  have  been  previ¬ 
ously  determined,  by  operating  the  GPS  receiver  in  stand-alone  mode  for  several  days  in  order  to 
obtain  a  good  temporal  average  of  the  location.  The  location  of  the  array  to  be  measured  is  like¬ 
wise  determined  from  temporally  averaged  GPS  measurements.  During  pattern  measurement,  the 
GPS  signal  information  from  the  reference  receiver  is  relayed  to  the  master  differential  receiver 
located  aboard  the  aircraft.  The  master  receiver  combines  that  information  with  the  previously 
determined  reference  location  to  derive  a  GPS  correction,  which  it  applies  to  the  aircraft  position 
it  had  previously  determined  from  the  GPS  signal  received  on  the  aircraft.  The  corrected  aircraft 
position,  along  with  the  time  and  various  GPS  performance  indicators,  are  recorded  at  one-second 
intervals  in  a  file  on  the  hard  disk  of  a  Toshiba  T4600  notebook  computer.  After  the  measure¬ 
ments  are  completed,  the  position  data  file  is  transferred  to  a  floppy  disk  for  later  analysis  and 
merging  with  the  signal  information. 

A  program  resident  in  the  notebook  computer  provides  a  graphical  display  of  the  aircraft 
position  relative  to  the  antenna  array  of  interest,  to  assist  the  pilot  in  staying  close  to  the  desired 
flight  path.  Typical  runs  include  constant-height  circular  flight  paths  about  the  array  and  radial 
paths  along  a  fixed  azimuth  relative  to  the  array. 

The  Xeledop  pattern  measurement  system  does  not  include  a  system  for  recording  the  sig¬ 
nals  received  by  the  antenna  or  array  being  calibrated.  The  candidate  antenna  or  array  is  required 
to  have  its  own  signal  recording  system,  including  accurate  timing  information. 
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3.0  THE  ANTENNA  ARRAY  AND  SIGNAL  RECORDING  SYSTEM 


The  pattern  measurement  system  was  used  to  take  measurements  of  the  element  responses 
from  a  sampled-aperture  HF  direction-finding  array  located  at  Leitrim,  near  Ottawa.  A  plan  view 
of  the  array  configuration  is  shown  in  Figure  4.  The  array  consisted  of  8  elements  selected  from 
the  inner  circle  of  24  (6m  vertical  whip)  elements  of  a  Pusher  array,  plus  an  additional  4  similar 
elements  located  outside  the  inner  circle  in  pairs  along  two  axes  intersecting  at  right  angles  at  the 
center  of  the  circle.  These  elements  are  highlighted  in  black  in  the  figure.  A  similar  geometry  is 
currently  being  used  for  a  sampled-aperture  HF  DF  experiment  in  the  arctic. 


Figure  4.  Plan  view  of  receiving  array  being  calibrated, 
with  sampled  elements  shown  in  black. 


The  signals  from  the  array  elements  were  fed  through  equal-length  cables  to  commonly- 
tuned  receivers,  where  they  were  reduced  to  near-baseband  and  sampled  and  digitized.  The  sam¬ 
pled-aperture  signal  recording  system  is  shown  in  Figure  5.  A  digital  sampling  rate  of  approxi¬ 
mately  10k  samples/second  was  applied  to  the  signals  from  each  antenna.  The  samples  from  the 
12  antennas  were  buffered  into  blocks  of  12  x  8000  samples. 
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Figure  5.  Sampled-aperture  signal  recording  system. 


The  data  were  recorded  on  2.3-Gbyte  Exabyte  tapes.  Individual  runs  (i.e.,  continuous  data 
recording  sessions)  were  recorded  as  files.  At  the  start  of  a  run,  a  header  record  was  placed  on  the 
tape,  recording  operational  parameters  including  the  receiver  frequency,  starting  time  and  date, 
and  receiver  attenuation.  The  data  blocks  for  the  run  were  then  written  to  tape  as  records,  as  they 
became  ready. 

The  signal  recording  system  was  an  experimental  HF  direction-finding  and  data  recording 
system  originally  developed  by  MIT  Lincoln  Labs  for  sampled-aperture  array  development.  A 
spectrum-analyzer  display  provided  information  on  the  channel  occupancy  in  the  vicinity  of  the 
Xeledop  frequency,  as  well  as  a  real-time  display  of  the  received  Xeledop  signal  as  a  check  that 
transmissions  were  being  sent  and  received  as  expected. 

An  automated  calibration  measurement  was  performed  on  the  receive  array,  in  order  to 
obtain  the  amplitude  and  phase  response  of  each  of  the  antenna  channels.  This  was  performed 
each  day  thata  set  of  Xeledop  flights  was  made.  The  resultant  amplitude  and  phase  responses 
were  stored  as  complex  amplitude  correction  factors  in  a  separate  file  and  recorded  on  floppy 
disk. 
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4.0  MEASUREMENT  PLAN 


In  order  to  fully  determine  an  antenna’s  radiation  pattern,  its  gain  and  phase  response  must 
be  obtained  for  all  azimuths  and  elevations  (i.e.  all  directions)  of  interest.  A  successful  set  of 
measurements  will  include  the  gain  and  phase  response  at  enough  specific  directions  that  the 
response  at  other  directions  can  be  determined  through  an  informed  interpolation.  Most  antennas 
are  intended  for  specific  applications  which  may  utilize  less  than  the  full  range  of  possible  direc¬ 
tions.  For  example,  the  direction-finding  antenna  array  under  consideration  is  used  to  observe 
skywave  signals  whose  path  lengths  are  relatively  long,  and  whose  elevation  angles  are  thus  rela¬ 
tively  low.  Most  elevation  angles  will  be  below  30° ,  and  very  few  above  45° . 

Theoretical  antenna  patterns  are  usually  illustrated  by  fixing  one  direction  parameter  (e.g., 
elevation),  and  plotting  the  gain  or  phase  response  in  terms  of  the  other  parameter  (e.g.,  azimuth). 
The  aircraft  measurements  are  constrained  by  the  possible  paths  that  the  aircraft  can  fly  and  the 
number  of  flights  that  can  be  economically  made.  Flying  a  constant-height  circular  flight  path 
about  the  antenna(s)  of  interest  results  in  a  sequence  of  measurements  that  can  be  easily  translated 
into  an  azimuthal  pattern  at  a  fixed  elevation  angle.  Such  flights  are  limited  to  elevation  angles 
less  than  50° ,  due  to  the  ceiling  altitude  of  the  aircraft  (about  6000  ft.  for  the  Cessna  172  aircraft 
used  in  the  measurements)  and  the  minimum  circular  radius  that  the  aircraft  can  accurately  main¬ 
tain.  Flying  a  radial  path  provides  a  range  of  elevation  angles  at  a  constant  azimuth;  the  result  is  a 
set  of  measurements  that  can  be  readily  translated  into  an  elevation  pattern  at  a  constant  azimuth. 


Table  1:  Pattern  measurement  flight  plan 

Six  frequencies:  5.1, 7.5, 9.3, 11.5, 15.1,  and  18.0  MHz. 

For  each  frequency: 

azimuthal  patterns  (circular  flight  paths) 

- 10  km  radius,  3000  ft.  altitude  (-4.5°  elevation),  clockwise 

-  7  km  radius,  5000  ft  altitude  (-11°  elevation),  clockwise 

-  7  km  radius,  5000  ft  altitude  (-11°  elevation),  counterclockwise 

-  5  km  radius,  6000  ft  altitude  (-18°  elevation),  clockwise 

-  3  km  radius,  6000  ft  altitude  (-31 0  elevation),  clockwise 

-  2  km  radius,  6000  ft  altitude  (-49°  elevation),  clockwise 

elevation  patterns  (radial  flight  paths) 

-  9  to  189°  azimuth,  6000  ft  altitude,  from  10km  to  overhead  to  -10km  ground  distance 

-  91  to  271 0  azimuth,  6000  ft  altitude,  from  10  km  to  overhead  to  -10  km  ground  distance 

Table  1  lists  the  various  runs  that  were  attempted.  In  order  to  adequately  cover  the  signal 
directions  of  interest,  a  set  of  circular  paths  were  flown  at  various  heights  and  circular  radii,  thus 
providing  azimuthal  patterns  over  the  desired  range  of  elevation  angles.  As  a  check  on  the  meas¬ 
urements,  one  circular  path  was  executed  in  both  clockwise  and  counterclockwise  directions.  In 
addition  two  radial  paths  were  flown,  at  right  angles  to  each  other. 
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5.0  DATA  REDUCTION 


The  data  reduction  process  is  illustrated  in  Figure  6.  It  consists  of  interpreting  and  merg¬ 
ing  the  aircraft  position  data  and  the  recorded  signal  data,  and  then  using  the  merged  interpreted 
data  to  obtain  the  required  antenna  patterns.  A  set  of  C-language  programs  has  been  written  to 
perform  the  data  reduction  on  a  Sun  workstation. 


Figure  6.  Data  reduction. 


5.1  Position  Interpretation  Program  XELEPOS 

The  position  interpretation  program  XELEPOS  uses  as  input  the  aircraft  position  data  pro¬ 
vided  by  the  differential  GPS  positioning  system.  This  data  consists  of  a  file  of  time,  geographi¬ 
cal  latitude,  longitude,  and  height  above  sea  level,  and  GPS  quality  indicators,  recorded  each 
second  on  the  second.  It  also  uses  a  file  of  additional  information,  including  the  antenna  positions 
relative  to  the  center  of  the  array,  the  geographic  coordinates  of  the  array  center,  and  the  position 
of  the  towed  transmitter  behind  and  below  the  aircraft.  From  this  information  it  creates  a  new  file, 
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giving  the  bearing,  elevation,  and  range  of  the  towed  transmitter  for  each  antenna  in  the  array, 
each  second  from  the  start  to  end  of  recording  as  before. 


5.2  Signal  Interpretation  Program  XELEDOP 

The  signal  interpretation  program  XELEDOP  takes  as  input  the  recorded  signal  data, 
which  is  read  into  and  temporarily  stored  on  a  Sun  workstation  dedicated  hard  drive,  one  run  at  a 
time.  (A  single  run  can  consume  as  much  as  400  Mbytes  of  data  storage.)  The  data  reduction  is 
computation-intensive  and  therefore  very  time-consuming.  Steps  have  been  taken  to  reduce  the 
amount  of  computation  and  still  obtain  the  desired  results. 

The  program  reads  a  block  of  signal  samples  (12  antennas  x  8000  samples/antenna)  at  a 
time.  Every  5th  block  of  samples  is  used,  resulting  in  a  measurement  roughly  every  4  seconds. 

The  first  step  is  determine  the  exact  frequency  of  the  transmitted  Xeledop  tone.  The  mid¬ 
dle  1000  samples  (out  of  8000)  for  the  first  antenna  are  Fourier  analyzed,  and  the  frequency  corre¬ 
sponding  to  the  maximum  signal  strength  selected.  This  frequency  is  selected  as  the  ‘central  tone 
frequency’,  under  the  assumption  that  it  corresponds  to  the  transmitted  Xeledop  tone.  Since  the 
sample  rate  is  approximately  10k  samples/second,  the  frequency  bins  for  a  1000-point  Fourier 
analysis  are  10  Hz  wide. 

The  8000  samples  are  then  partitioned  into  8  sub-blocks  of  1000  samples  each,  and  for 
each  sub-block,  the  five  Fourier  components  corresponding  to  the  central  tone  frequency  and  the 
two  frequencies  on  each  side  of  the  central  tone  frequency  are  found.  Their  powers  are  summed, 
to  determine  the  total  received  signal  strength  in  a  bandwidth  of  50  Hz  about  the  frequency  of 
maximum  signal  strength.  The  powers  for  the  8  sub-blocks  are  averaged,  to  obtain  the  mean 
received  power  for  the  block  of  samples  which  is  then  converted  into  an  rms  amplitude.  This  is 
done  for  each  of  the  12  antennas.  The  phase  response  of  each  antennas  is  found  by  vectorially 
adding  the  phasors  (representing  the  amplitude  and  phase)  found  for  the  central  tone  frequency  at 
each  of  the  8  sub-blocks,  and  taking  the  phase  of  the  total.  The  antenna  #1  phase  is  then  sub¬ 
tracted  from  each  of  the  antenna  phases,  so  as  to  obtain  a  relative  phase  response. 

The  resultant  rms  amplitudes  and  relative  phases  for  each  of  the  12  antennas  are  corrected 
for  the  channel  response,  given  by  the  array  calibration  data,  and  written  to  file,  along  with  the 
start  time  of  the  block  and  central  tone  frequency.  This  is  repeated  for  every  5th  block  in  the  run. 


5.3  Data  Merging  Program  XELEMERGE 

The  data  merging  program  XELEMERGE  combines  the  interpreted  position  information, 
taken  on  a  second-by-second  basis  with  the  interpreted  signal  information,  recorded  at  approxi¬ 
mate  4-second  intervals.  For  each  of  the  signal  recording  times,  the  positions  are  interpolated  (in 
polar  coordinates)  so  that  the  times  match.  This  program  is  also  used  to  remove  any  extraneous 
measurements  due  to  interfering  signals:  the  interpreted  signal  information  is  scanned  by  the 
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operator  to  determine  if  a  single  (or  only  slightly  varying)  frequency  is  seen  for  the  whole  run. 
Most  of  the  time,  other  frequencies  are  occasionally  seen  as  well.  From  this  scan,  the  actual  Xele- 
dop  frequency  is  determined.  The  XELEMERGE  program  is  given  the  actual  Xeledop  frequency, 
and  uses  it  to  reject  any  blocks  for  which  the  central  tone  frequency  is  more  than  100  Hz  away. 

The  signal  amplitudes  are  then  corrected  to  a  common  range  of  10  km.  The  transmitter 
antenna’s  elevation  angle  dependence  of  radiated  power  is  corrected  for,  by  using  the  cosine 
dependence  given  by  theory  for  a  short  whip  antenna  in  free  space.  The  resultant  normalized 
amplitudes  are  then  converted  to  dB,  and  interpreted  as  relative  gains.  The  result  of  the  merging 
program  is  thus  a  file  containing  for  each  selected  signal  block  in  a  particular  run:  a  time,  fre¬ 
quency,  and  for  each  of  the  12  antennas,  a  transmitter  range,  azimuth,  and  elevation,  a  relative 
gain  in  dB,  and  a  relative  phase  (relative  to  antenna#l).  This  file,  along  with  those  of  the  other 
runs,  contains  the  results  that  make  up  the  required  antenna  patterns. 


5.4  Evaluation  Programs  XELEPLOT XELESTAT  and  XELECOMP 

Several  programs  have  been  written  as  interpretation  aids. 

The  program  XELEPLOT  takes  the  merged  results  file  for  a  run,  and  under  operator  con¬ 
trol  produces  a  file  which  the  GNUPLOT  public-domain  plotting  software  can  create  plots  from. 
Plots  that  can  be  created  (and  displayed  or  printed)  in  this  manner  include  gain  vs.  azimuth  and 
relative  phase  vs.  azimuth  (from  circular-flight-path  runs);  and  gain  vs.  elevation  and  relative 
phase  vs.  elevation  (from  radial- flight-path  runs).  The  relative  phase  displays  by  themselves  are 
not  particularly  illuminating.  To  facilitate  interpretation  of  the  phase  data,  XELEPLOT  was  mod¬ 
ified  to  calculate  the  relative  phase  expected  on  the  basis  of  a  spherical  wavefront  for  the  transmit¬ 
ted  Xeledop  signal,  and  to  plot  the  difference  between  observed  and  expected  relative  phase,  as  a 
function  of  either  azimuth  or  elevation. 

The  program  XELESTAT  was  written  to  calculate  statistical  results  such  as  the  rms  and 
maximum  difference  from  the  average,  in  antenna  gain  over  azimuth,  or  relative  phase  difference 
over  azimuth.  XELECOMP  compares  clockwise  and  counterclockwise  runs  at  the  same  elevation 
angle,  to  determine  the  rms  and  maximum  differences  between  the  resultant  amplitude  and  rela- 
tive-phase-difference  patterns. 


6.0  RESULTS 
6.1  Initial  Results 

The  initial  results  included  polar  plots  of  antenna  gain  vs.  azimuth,  and  rectilinear  plots  of 
the  difference  from  a  spherical  wavefront  in  the  relative  antenna  phase  response  A<|),  vs.  azimuth. 
Examples  are  shown  in  Figures  7  and  8. 
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signal  azimuth  (deg.  E  of  N) 


Figure  8.  Representative  initial  plot  of  relative  phase  difference  Ad),  as  a  function  of  azimuth 


The  azimuthal  gain  patterns  were  found  to  be  circular  within  a  few  dB.  The  points  taken 
near  the  start  and  end  of  the  flight  path,  which  overlap,  were  usually  in  good  agreement,  with 
occasional  exceptions.  These  exceptions  were  related  to  the  aircraft  being  off  the  constant-alti¬ 
tude  circular  flight  path  when  recording  was  initiated  or  terminated. 

The  difference  from  theory  ,A<J),  in  the  relative  phase  response  was  expected  to  be  close  to 
zero  degrees,  with  perhaps  minor  excursions  as  the  aircraft  changed  azimuth.  Instead,  a  roughly 
sinusoidal  variation  was  found,  having  one  cycle  within  the  full  360°  azimuth.  Also,  large  differ¬ 
ences  were  seen  corresponding  to  times  when  the  aircraft  was  moving  away  from  a  constant- 
radius  circular  path.  In  the  example  shown  in  Figure  9,  the  aircraft  executed  a  tight  circle  off  the 
flight  path  near  the  end  of  the  run,  at  which  time  large  differences  were  seen. 

The  sinusoidal  behaviour  in  A<|>  could  not  be  readily  explained  by  the  antenna  array  itself 
or  by  its  surroundings,  leading  one  to  suspect  the  measurement  system.  Several  features  of  the 
sinusoidal  behaviour  may  be  seen  in  Figure  9.  This  figure  shows  the  dependence  of  A<{>  on  azi¬ 
muth  for  several  different  antennas,  representing  antenna  separations  of  different  sizes  and  base¬ 
lines  of  different  orientations.  The  separations  and  baseline  orientations  of  the  antennas  of 
interest  and  the  reference  antenna  (#1)  can  be  seen  in  the  plan  view  provided  by  Figure  4.  The 
amplitude  of  the  sinusoidal  variation  is  seen  to  increase  linearly  with  the  separation  between  the 
two  antennas.  Also,  the  phase  of  the  variation  in  A(j)  is  seen  to  depend  on  the  orientation  of  the 
baseline.  In  the  case  of  antenna  pairs  (#9,  #1)  and  (#11,  #1),  the  baselines  are  similarly  oriented 
and  the  sinusoidal  variation  with  azimuth  is  similar  in  its  phase.  However,  the  baseline  for 
antenna  pair  (#5,  #1)  is  roughly  100°  ahead  (in  the  clockwise  sense),  and  the  phase  of  its  sinusoi¬ 
dal  variation  is  likewise  100°  ahead.  It  should  be  noted  at  this  point  that  the  aircraft  was  flying  a 
clockwise  circle  about  the  array  for  these  observations. 

The  amplitude  of  the  sinusoidal  variation  in  Acj)  was  observed  to  increase  as  the  frequency 
was  raised,  and  also  as  the  radius  of  the  circular  flight  path  was  decreased.  This  suggested  that  it 
was  not  real,  but  instead  due  to  a  discrepancy  in  the  recorded  position  of  the  aircraft  (and  its 
towed  transmitter)  and  the  actual  position  corresponding  to  a  given  signal  recording. 

Probably  the  most  suspicious  feature  of  the  initial  results  came  from  a  comparison  of  the 
clockwise  and  counterclockwise  flight  path  results  that  were  made  at  an  elevation  of  11 0 .  These 
results,  in  all  cases,  showed  sinusoidal  variations  in  A(J>  that  were  180°  apart  in  their  phase.  The 
sinusoidal  variations  which  changed  with  aircraft  direction  obviously  could  not  be  due  to  actual 
features  of  the  antenna  array  being  measured,  but  had  to  be  an  artifact  of  the  measurement.  Figure 
10  shows  the  large  relative  phase  differences  measured  for  antenna  pair  (#11,  #1)  for  both  the 
clockwise  and  counterclockwise  runs  at  ~11  °  elevation,  at  9.3  MHz. 

The  observed  sinusoidal  variation  of  A<{>  with  azimuth  can  be  explained  by  a  discrepancy 
in  the  actual  times  recorded  for  the  signal  data  and  the  position  data.  If  approximately  8  seconds 
is  subtracted  from  the  9.3-MHz  signal-data  times,  so  that  the  signal  data  is  matched  with  position 
data  8  seconds  earlier  in  the  flight  path  than  previously,  the  sinusoidal  variation  is  seen  to  vanish. 
This  corresponds  to  a  position  change  of  300  m  or  more  in  the  transmitter  location.  The  most 
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likely  cause  of  this  recording  error  is  in  one  of  the  systems  (aircraft  position  or  signal  recording) 
not  entering  the  GPS  time,  but  instead  a  local  time  resident  in  the  system  computer.  The  actual 
reason  for  the  time  error  has  not  been  determined  at  the  time  of  writing.  A  check  on  the  signal 


9.3MHz:  Phase  rel.toant#1  vs  azimuth,  ~4.5deg  elevation 


-150  -100  -50  0  50  100  150 

signal  azimuth  (deg.  E  of  N) 

9.3MHz:  Phase  rel.to  ant#1  vs  azimuth,  ~4.5deg  elevation 
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9.3MHz:  Phase  rel.to  ant#1  vs  azimuth,  ~4.5deg  elevation 
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Figure  9.  Initial  plots  of  AtJ>  vs.  azimuth,  for  3  different  antenna  separations,  at  9.3  MHz. 
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recording  system  when  it  was  later  installed  at  a  northern  location  showed  it  to  be  recording  cor¬ 
rect  time,  to  within  a  fraction  of  a  second  of  the  WWV  time  standard  [4],  and  a  later  check  on  the 
GPS  position-measuring  system  showed  it  to  be  recording  correct  time,  to  within  a  millisecond  of 
the  CHU  time  standard  [5].  The  discrepancy  is  thus  not  inherent  to  the  equipment,  but  likely 
occured  as  a  result  of  operator  error  in  setting  up  for  the  calibration  measurements. 

9.3MHz:  Phase  rel.to  ant#1  vs  azimuth,  -lldeg  el.,  CW  run 


antenna  #11 
clockwise 
flight  path 


9.3MHz:  Phase  rel.to  ant#1  vs  azimuth,  -lldeg  el.,  CCW  run 


antenna  #11 
counter¬ 
clockwise 
flight  path 


Figure  10.  Initial  plots  of  A<]>  v.y.  azimuth,  for  both  clockwise  and  counterclockwise 
flight  paths,  for  antenna  If  11,  at  ~U-deg.  elevation  and  9.3  MHz. 

A  trial-and-error  procedure  of  correcting  the  signal  recording  times  prior  to  merging  the 
signal  data  with  the  position  data  was  performed  in  order  to  find  the  most  appropriate  time  correc¬ 
tion  (i.e.,  the  correction  that  produced  the  best-matched  clockwise  and  counterclockwise  results). 
The  correction  was  thus  found  to  be  -8.7  seconds  for  the  5.1-,  7.5-,  9.3-,  and  11.5-MHz  data  taken 
between  May  18  and  June  10, 1994;  and  -9.8  seconds  for  the  15.1-  and  18.0-MHz  data  taken  on 
July  19  -  20, 1994. 

Figure  11  shows  the  clockwise  and  counterclockwise  azimuth  patterns  of  relative  phase 
difference  A(J),  found  using  this  time  correction.  The  large  sinusoidal  variations  seen  in  Figure  10 
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have  disappeared,  and  the  two  sets  of  measurements  are  in  good  agreement.  Local  variations 
from  zero  are  similar  in  both  measured  patterns,  giving  weight  to  their  existence  as  actual 
antenna-pattern  features. 


9.3MHz:  Phase  rel.to  ant#1  vs  azimuth,  ~1  Ideg  el.,  CW  run,  -8.7s  corr. 
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Figure  11.  Clockwise  and  counterclockwise  flight-path  patterns,  of  A<|)  vs.  azimuth,  for 

antenna  #11,  at  ~ll-deg.  elevation  and  9.3  MHz,  with  a  -8.7-second  time  correction 
applied  to  the  signal  data. 


The  remainder  of  the  results  discussed  in  this  report  have  been  corrected  for  the  time  dis¬ 
crepancy  between  position  and  signal  recordings. 


6.2  Gain  Patterns 

A  typical  set  of  azimuthal  patterns  is  shown  in  Figure  12.  This  figure  shows  polar  plots  of 
gain  vs.  azimuth  for  antenna  #5,located  in  the  inner  circle  of  the  Pusher  array.  Plots  are  given  for 
each  of  the  elevation  angles  used  in  the  flights.  The  operating  frequency  is  11.5  MHz. 
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4.5  deg.  elevation  11  deg.  elevation,  CW 


Figure  12.  Azimuthal  patterns  of  antenna  gain  in  dB,  for  antenna  #5  at  11.5-MHz 
operating  frequency,  and  various  elevation  angles. 
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Several  things  are  evident  in  Figure  12.  The  patterns  are  approximately  circular,  but  there 
is  some  deviation  away  from  circular  with  changes  up  to  6  dB  occurring  over  azimuth.  These 
changes  are  greatest  at  the  lowest  elevation,  where  the  average  antenna  gain  is  reduced  due  to  the 
undercutting  caused  by  an  imperfectly  conducting  ground.  Changes  in  ground  conductivity  with 
azimuth  are  thus  expected  to  cause  greater  azimuthal  changes  in  gain  at  the  lower  elevation 
angles.  As  the  elevation  angle  is  increased,  the  changes  in  azimuth  tend  to  retain  their  shape  but 
become  smaller.  At  the  highest  elevation  angle  (49° )  the  trend  ceases,  and  the  gains  become  scat¬ 
tered  from  point  to  point,  likely  due  to  time  variations  in  the  Xeledop  transmitting  antenna  orien¬ 
tation.  (More  will  be  said  about  this  later.)  The  reduced  number  of  points  at  the  higher  elevation 
angles  is  due  to  the  shorter  time  taken  for  the  airplane  to  fly  the  smaller-radius  circular  flight  path. 

Figure  13  shows  the  corresponding  elevation  patterns  obtained  from  the  two  nearly  per¬ 
pendicular  radial  flight  paths,  for  antenna  #5,  at  the  same  operating  frequency.  This  result  is  typi¬ 
cal  of  the  results  obtained. 


9/189  deg.  azimuths 


91/271  deg.  azimuths 


Figure  13.  Elevation  patterns  of  gain  in  dB,  for  antenna#5  at  11.5  MHz,  taken  on 
two  near-perpendicular  radial  flight  paths. 


The  elevation  patterns,  for  elevation  angles  below  50° ,  are  close  to  those  expected  for 
vertical  whip  antennas.  The  patterns  are  undercut  at  low  angles  (<  10° )  due  to  the  finite  ground 
conductivity.  A  broad  peak  in  gain  exists  between  10°  and  45° .  As  the  vertical  is  approached, 
the  antenna  gain  drops  towards  zero  (as  expected  from  theory)  with  increasing  scatter  between 
points. 


The  very  large  scatter  in  the  measured  gains  near  90°  elevation  is  due  to  variations  away 
from  vertical  in  the  Xeledop  transmitting  antenna  orientation.  Determining  the  gains  from  the 
observed  signal  strength  involves  multiplying  the  received  amplitude  by  the  reciprocal  of  the 
cosine  of  the  elevation  angle  (i.e.,  the  pattern  of  the  short  transmitting  dipole).  Therefore  any 
deviations  from  vertical  in  the  dipole  orientation  near  90°  elevation  (where  this  correction  factor 
approaches  infinity)  will  have  a  very  large  effect  on  the  estimated  gain.  According  to  the  contrac¬ 
tor  [3],  the  transmitting  dipole  moves  away  from  its  vertical  orientation  by  up  to  15°  at  most. 
This  will  cause  errors  in  estimated  gain  of  at  most  1.8  dB  at  30°  elevation  angle,  3  dB  at  45° ,  and 
5.7  dB  at  60° .  At  75°  or  above,  the  error  in  estimated  gain  can  be  extremely  large. 
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At  the  highest  elevation  angle  used  for  the  azimuthal  pattern  measurements  (49° ),  a  max¬ 
imum  15°  variation  from  vertical  in  the  Xeledop  transmitting  antenna  orientation  translates  to 
potential  errors  in  estimated  gain  from  -2.0  dB  to  +3.5  dB.  This  is  consistent  with  the  variation  in 
gain  seen  in  the  azimuthal  gain  patterns  at  49°  -elevation(e.g..  Figure  12). 

Figures  14,  15,  and  16  show  the  azimuthal  gain  patterns  found  for  several  array  elements 
at  11 0  elevation  and  the  five  operating  frequencies.  The  gain  patterns  are  unnormalized:  the  gains 
have  been  adjusted  by  fixed  amounts  so  that  the  patterns  found  for  the  different  frequencies 
occupy  an  approximately  similar  portion  of  a  polar  plot.  Figure  14  gives  the  results  for  antenna 
#5,  one  of  24  elements  located  in  the  inner  circle  of  the  Pusher  array;  Figure  15,  the  results  for 
antenna  #9  located  just  outside  the  outer  circle  of  the  Pusher  array;  and  Figure  16,  the  results  for 
antenna  #11  located  well  outside  the  Pusher  array  and  away  from  other  radiating  elements.  The 
positions  of  these  antennas  are  shown  in  Figure  4. 

An  isolated  vertical  whip  antenna  on  a  homogeneous  ground  is  expected  to  have  a  circular 
azimuthal  pattern.  Of  the  three  antennas  illustrated  in  Figures  14, 15,  and  16,  antenna#ll  located 
well  outside  the  Pusher  array  (and  therefore  well  isolated  from  other  conducting  elements)  has  the 
most  nearly-circular  azimuthal  patterns.  The  gain  for  this  antenna,  shown  in  Figure  16,  remains 
within  1  dB  of  a  perfect  circle  most  of  the  time.  The  next-best  behaved  case  shown  in  these  fig¬ 
ures  is  that  of  antenna  #5  (Figure  14).  This  antenna  is  in  the  inner  ring  of  the  Pusher  array  and 
only  6.5  m  away  from  other  similar  antennas.  The  case  experiencing  the  greatest  variation  from  a 
circular  pattern  is  that  of  antenna  #9  which  is  located  about  15  m  from  a  larger  antenna  in  the 
outer  ring  of  the  pusher  array.  At  11°  elevation,  as  illustrated  in  Figure  15,  antenna  #9  experi¬ 
ences  azimuthal  variations  in  gain  from  a  constant  (average)  value,  of  typically  1  dB  or  more 
much  of  the  time. 

It  can  be  seen  from  these  figures  that  there  is  little  similarity  in  the  patterns  found  at  the 
five  different  frequencies  illustrated,  for  any  particular  antenna.  This  suggests  that  in  order  to 
obtain  a  complete  set  of  measurements  amenable  to  interpolation,  it  may  be  necessary  to  conduct 
measurements  at  substantially  more  frequencies  than  was  done  here. 

Another  point  of  comparison  is  the  similarities  that  may  be  exhibited  in  the  azimuthal  pat¬ 
terns  of  the  three  antennas,  at  any  frequency.  An  examination  of  Figures  14, 15,  and  16  suggests 
some  similarities,  as  well  as  significant  differences.  Firstly,  the  5.1  MHz  azimuthal  patterns  for 
all  three  antennas  are  very  nearly  circular,  more  so  than  those  of  the  other  three  frequencies.  At 
9.3  MHz  larger  variations  from  circular  occur,  but  the  actual  pattern  shapes  obtained  for  the  three 
antennas  differ  considerably.  At  11.5  MHz,  the  patterns  are  less  circular,  and  again  the  pattern 
shapes  obtained  for  the  three  antennas  differ  considerably.  At  15.1  MHz,  the  patterns  for  the  three 
antennas  are  more  nearly  circular,  and  as  before,  the  variations  with  azimuth  are  different  for  the 
three  antennas.  At  18.0  MHz,  the  patterns  for  antennas  #5  and  #11  are  nearly  circular,  but  that  of 
antenna  #9  is  distorted.  These  results  suggest  that  at  11°  elevation,  localized  features  (nearby 
radiating  elements  and  ground  features)  play  a  larger  role  than  large-scale  features  (larger-scale 
ground  and  topological  features)  which  affect  the  array  as  a  whole,  in  determining  the  azimuthal 
patterns. 
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5.1  MHz 


15.1  MHz 


18.0  MHz 


Figure  14.  Unnormalized  azimuthal  patterns  of  antenna  gain  in  dB,  for  antenna  #5  at 
an  approximate  elevation  of  11  degrees,  for  various  receiving  frequencies. 
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11.5  MHz 


15.1  MHz 


18.0  MHz 


Figure  15.  Unnormalized  azimuthal  patterns  of  antenna  gain  in  dB,  for  antenna  #9  at 
an  approximate  elevation  of  11  degrees,  for  various  receiving  frequencies. 
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Figure  16.  Unnormalized  azimuthal  patterns  of  antenna  gain  in  dB,  for  antenna  #77  at 
an  approximate  elevation  of  11  degrees,  for  various  receiving  frequencies. 
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6.2.1  Effects  of  Local  Features  on  Antenna  Gain 


The  local  features  which  affect  antenna  gain  can  be  divided  into  two  categories:  those 
which  are  part  of  the  antenna  array  itself  including  any  supporting  structures  and  ground  radials; 
and  those  which  are  part  of  the  external  environment  in  the  vicinity  of  individual  elements. 

The  array  features  are  expected  to  be  nearly  the  same  for  each  of  the  eight  elements  cho¬ 
sen  from  the  inner  circle  of  the  array,  since  the  additional  four  elements  (which  do  interact  differ¬ 
ently  with  inner  circle  elements)  are  well-removed.  These  features  should  affect  the  patterns  of 
the  inner-circle  elements  in  a  similar  way,  once  the  patterns  are  rotated  to  reflect  the  position  of 
each  element  in  the  inner  circle. 

By  rotating  the  azimuthal  patterns  of  each  of  the  eight  inner-circle  elements  (antennas  1  to 
8  in  Figure  4)  by  an  amount  corresponding  to  their  location  within  the  circle  and  then  averaging 
them,  it  should  be  possible  to  observe  the  effect  of  the  array  features  on  the  antenna  patterns. 
External  local  features  will  be  random  with  respect  to  the  antenna  position  within  the  circle,  and 
will  tend  to  average  out.  The  effect  of  large-scale  more  distant  features  (which  have  been  noted  in 
the  previous  section  to  be  less  important  than  those  of  local  features)  will  also  be  reduced  substan¬ 
tially  by  this  procedure,  since  the  element  patterns  are  each  rotated  a  different  amount. 

Figure  17  shows  the  average  rotated  azimuthal  patterns  thus  obtained,  along  with  the 
rotated  pattern  of  antenna  #5,  for  the  11 0  elevation  angle  run  at  each  of  the  five  frequencies.  Both 
the  azimuthal  dependence  introduced  by  the  array  features  and  the  degree  to  which  an  individual 
antenna  pattern  is  described  by  these  features  is  evident  in  this  figure. 

At  5. 1  MHz  frequency,  the  average  rotated  pattern  is  almost  independent  of  azimuth,  and 
individual  antenna-pattern  azimuthal  variations  can  be  ascribed  mainly  to  local  external  features. 
At  9.3  MHz,  significant  azimuthal  variations  begin  to  appear  in  the  average  rotated  pattern,  sug¬ 
gesting  that  array  features  are  affecting  the  azimuthal  dependence  of  the  antenna  patterns.  Indi¬ 
vidual  patterns  follow  the  same  azimuthal  dependence  as  the  average  rotated  pattern,  with  small 
variations  which  again  can  be  attributed  to  local  external  features.  The  azimuthal  dependence  of 
the  average  rotated  pattern  is  probably  strongest  at  11.5  MHz,  suggesting  that  interacting  array 
elements  and  other  features  play  a  strong  role  here.  At  15.1  and  18.0  MHz,  a  significant  azi¬ 
muthal  dependence  is  again  noted  for  the  average  rotated  pattern,  with  relatively  small  departures 
from  the  average  pattern  for  individual  antennas.  Thus,  the  azimuthal  patterns  are  affected  by 
both  array-related  features  and  local  external  features,  with  the  exception  of  the  lowest  frequency 
where  the  array-related  features  do  not  cause  a  significant  azimuthal  dependence. 

Additional  information  is  provided  by  Table  2  which  gives  the  rms  difference  in  gain  from 
the  average  rotated  patterns,  over  all  measured  azimuths,  along  with  the  rms  variation  from  a 
mean  azimuth-independent  gain,  for  antennas  #1  to  8.  Rms  variations  from  the  average  rotated 
pattern  tend  to  decrease  slightly  with  increasing  frequency  from  approximately  0.8  dB  at  5.1  MHz 
to  0.55  dB  at  18.0  MHz.  As  previously  noted,  the  average  rotated  pattern  at  5.1  MHz  is  nearly 
independent  of  azimuth,  and  so  the  rms  differences  from  the  average  pattern  are  about  the  same  as 
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Note:  the  patterns  were  rotated  prior 
to  averaging,  so  as  to  correspond  to 
the  same  array  geometry  as  that  of 
antenna  #1  whose  position  with  respect 
to  the  array  center  is  7.5  degree  N  of  E. 


Figure  17.  Average  azimuthal  pattern  of  the  inner-circle  antennas  HI -8,  found  by  rotating 
individual  patterns  by  an  amount  corresponding  to  the  position  in  the  circle  so  that  the 
array  geometry  appears  the  same  for  all  antennas,  for  an  11 -degree  elevation  angle  and 
the  various  operating  frequencies,  along  with  the  rotated  pattern  for  antenna  #5. 
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the  rms  differences  from  a  constant  gain.  At  the  higher  frequencies  this  is  not  so:  the  differences 
in  gain  from  a  constant  (azimuth-independent)  value  are  greater  that  those  rms  differences  from 
the  average  rotated  pattern,  in  keeping  with  the  azimuth  dependence  of  individual  antennas  being 
due  in  part  to  array-related  effects  as  well  as  local  external  features. 


Table  2:  Rms  differences  from  average  rotated  pattern  gain  over  azimuth,  for  antennas  #1-8 
and  different  operating  frequencies,  along  with  the  rms  differences  from  constant  gain  (in 

brackets) 


Antenna# 

5.1  MHz 

9.3  MHz 

11.5  MHz 

15.1  MHz 

18.0  MHz 

1 

0.74  dB 

0.66  dB 

0.63  dB 

0.53  dB 

0.53  dB 

(0.94) 

(1.16) 

(1.34) 

(0.73) 

(0.89) 

2 

MSBM 

HI 

0.46 

0.59 

HI 

HI 

HI 

(0.76) 

(0.85) 

3 

— 

0.51 

0.54 

IB 

(0.81) 

(0.95) 

4 

i 

0.61 

0.49 

0.51 

HI 

(0.99) 

HI 

(0.82) 

(0.86) 

5 

■H 

0.63 

0.59 

Hi 

HI 

(0.77) 

(0.73) 

6 

0.81 

0.69 

0.53 

(0.83) 

(0.95) 

(0.76) 

7 

0.46 

0.54 

■Hi 

(1.13) 

(0.91) 

(0.95) 

8 

0.83 

1 

0.51 

0.50 

(0.84) 

mssssM 

| 

(0.81) 

(0.90) 

6.2.2  Ground  Effects  on  Antenna  Gain 

The  theory  of  ground  effects  on  antenna  patterns  indicates  that  the  ground  within  the  first 
Fresnel  zone  has  the  major  effect  on  the  antenna  gain  in  any  one  direction.  At  higher  elevation 
angles,  this  Fresnel  zone  is  smaller  and  closer  to  the  antenna.  Thus  the  finding  for  1 1 0  elevation, 
that  local  features  are  more  important  than  larger-scale  more  distant  features  affecting  the  array  as 
a  whole  in  determining  individual  antenna  patterns,  also  applies  to  higher  elevation  angles  as 
well. 


At  lower  elevation  angles,  it  was  seen  (Figure  13)  that  the  antenna  gains  are  reduced  due 
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to  an  imperfectly  conducting  ground.  Thus  the  antenna  patterns  will  be  more  affected  by  ground 
parameters  at  lower  elevation  angles.  In  addition,  the  Fresnel  zone  at  low  elevation  angles 
becomes  very  large.  These  considerations  suggest  that  larger-scale  more  distant  ground  features 
and  other  topological  features  will  become  more  important  in  determining  the  azimuthal  patterns 
at  lower  elevation  angles. 

In  order  to  facilitate  an  examination  of  this  possibility,  the  azimuthal  gain  patterns  found 
for  the  lowest  elevation  flight  path  (4.5°  elevation)  at  the  five  operating  frequencies  are  plotted  in 
Figures  18, 19,  and  20  for  antennas  #5,  #9  and  #11  respectively. 

In  order  to  interpret  the  results,  it  is  useful  to  consider  the  extent  of  the  first  Fresnel  zone 
(and  thus  the  ground  region  that  contributes  to  antenna  gain).  This  is  a  function  not  only  of  eleva¬ 
tion  angle  and  to  some  extent  the  antenna  height,  but  also  the  operating  frequency.  Table  3  gives 
the  distance  that  the  first  Fresnel  zone  extends  out  from  a  short  antenna,  for  the  4.5°  elevation,  for 
the  frequencies  used,  and  transmitters  at  several  ground  distances  including  the  10  km  ground  dis¬ 
tance  of  the  Xeledop  transmitter  flight  path.  It  can  be  seen  that  the  ground  contributing  to  the 
antenna  gain  extends  considerably  further  from  the  array  at  lower  frequencies  than  higher  ones. 


Table  3:  Extent  of  first  Fresnel  zone  on  ground,  for  a  short  antenna  and  a  signal  at  4.5° 

elevation. 


frequency 

(MHz) 

transmitter  at  10 
km  ground  distance 

transmitter  at  20 
km  ground  distance 

transmitter 
infinitely  far  away 

5.1 

4.9  km 

6.5  km 

9.5  km 

9.3 

3.4  km 

4.2  km 

5.2  km 

11.5 

3.0  km 

3.5  km 

4.2  km 

15.1 

2.4  km 

2.8  km 

3.2  km 

18.0 

2.1  km 

2.4  km 

2.7  km 

From  Figures  18,  19,  and  20,  it  can  be  seen  that  for  the  lowest  frequency  (5.1  MHz),  the 
azimuthal  gain  patterns  for  the  three  antennas  are  similar  in  that  they  all  have  a  drop  in  gain  by 
several  dB,  for  azimuths  between  0°  and  90°  (the  north-east  quadrant).  At  the  next  higher  fre¬ 
quency  (9.3  MHz),  there  is  some  evidence  of  slightly  lower  gains  in  this  quadrant,  but  the  similar¬ 
ities  between  antennas  are  less  evident.  At  the  higher  frequencies  (11.5, 15.1,  and  18.0  MHz),  the 
differences  between  the  4.5-elevation  azimuthal  gain  patterns  of  the  three  antennas  dominate,  and 
little  if  any  similarity  is  seen. 

These  observations,  together  with  the  Fresnel  zone  considerations  of  Table  3,  suggest  that 
the  common  ground  feature  affecting  antenna  gain  is  of  large  extent  (since  it  affects  a  whole  quad- 
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Figure  1 8.  Unnormalized  azimuthal  patterns  of  antenna  gain  in  dB,  for  antenna  #5  at 
an  approximate  elevation  of  4.5  degrees,  for  various  receiving  frequencies. 
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5.1  MHz 


9.3  MHz 


18.0  MHz 


Figure  19.  Unnormalized  azimuthal  patterns  of  antenna  gain  in  dB,  for  antenna  #9  at 
an  approximate  elevation  of  4.5  degrees,  for  various  receiving  frequencies. 
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Figure  20.  Unnormalized  azimuthal  patterns  of  antenna  gain  in  dB,for  antenna  #11  at 
an  approximate  elevation  of  4.5  degrees,  for  various  receiving  frequencies. 
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rant)  and  is  situated  outwards  of  3  km  from  the  receiving  array  in  the  north-east  direction.  (An 
inspection  of  available  maps  indicates  a  large  marsh  in  that  direction,  extending  outwards  of  4  km 
from  the  array.)  The  lack  of  any  clear  similarities  between  antennas  in  their  azimuthal  gain  pat¬ 
terns  at  higher  frequencies  or  at  higher  elevation  angles  implies  that  there  were  no  anomalous 
ground  features  0.5  to  3  km  away  from  the  array  that  caused  significant  distortions  to  the  array 
patterns.  Ground  anomalies  within  0.5  km  would  affect  the  three  antennas  differently,  and  thus 
would  not  be  distinguishable  from  other  local  features. 

An  examination  of  Table  3  raises  another  issue.  It  shows  the  extent  of  the  first  Fresnel 
zone,  or  ground  affecting  antenna  gain,  for  transmitters  at  several  distances,  including  the  Xele- 
dop  flight  path,  and  an  infinitely  far  transmitter.  The  question  is  whether  the  Xeledop  measure¬ 
ments  yield  antenna  gains  that  are  representative  of  the  gains  that  will  be  experienced  for  the  array 
when  it  is  receiving  much  more  distant  (effectively  infinitely  far)  skywave  signals.  From  Table  3, 
the  ground  extent  of  the  first  Fresnel  zone  for  the  Xeledop  measurements  (10-km  ground  distance) 
is  much  less  than  the  ground  extent  for  skywave  signals  (infinite  ground  distance).  At  5.1  MHz,  it 
is  only  0.5x  that  of  skywave  signals,  while  at  18.0  MHz,  it  is  0.8x  that  of  the  skywave  value.  Thus 
the  gains  measured  at  4.5 0  elevation  cannot  be  said  to  be  truly  representative  of  the  skywave 
gains,  especially  at  the  lower  frequencies. 

In  order  to  obtain  more  adequate  measurements  of  low-elevation-angle  gain,  it  is  neces¬ 
sary  to  use  larger  radius  flight  paths.  The  largest  practical  radius  for  the  4.5°  elevation  is  20  km; 
this  radius  corresponds  to  an  aircraft  height  of  6000  ft.,  near  the  maximum  for  light  aircraft.  From 
Table  3,  the  first  Fresnel  zone  at  a  20-km  transmitter  distance  extends  further  than  that  for  10  km, 
to  0.7  of  the  skywave  value  at  5.1  MHz,  and  0.9  that  of  the  skywave  value  at  18.0  MHz.  The  5.1- 
MHz  value  can  be  said  to  be  marginally  acceptable  provided  there  is  no  dramatic  change  in  the 
outer  portion  of  the  skywave  Fresnel  zone  such  as  a  change  from  shore  to  ocean  water.  Thus  4.5° 
elevation  represents  the  lowest  elevation  that  the  Xeledop  method  can  be  used  to  obtain  useful 
skywave  antenna  patterns  at  5  MHz. 

At  higher  elevation  angles,  the  contributing  ground  regions  (as  expressed  by  the  first  Fres¬ 
nel  zone)  are  smaller,  and  for  a  given  transmitter  ground  distance,  more  nearly  the  same  as  those 
for  skywave  signals.  Table  4  lists  the  Fresnel  zone  extents  for  the  next  higher  elevation  angle  of 
11 0  (where  the  Xeledop  flight  path  had  a  ground  radius  of  7  km.)  From  this  table,  it  can  be  seen 
that  the  contributing  ground  regions  are  sufficiently  close  that  the  Xeledop  measurements  are  rep¬ 
resentative  of  skywave  signals.  At  the  lowest  frequency,  5.1  MHz,  the  first  Fresnel  zone  for  the 
Xeledop  measurement  extends  out  0.83  times  as  far  as  the  Fresnel  zone  for  skywave  signals. 
With  the  exception  of  a  dramatic  change  in  the  ground  conditions  in  the  outer  portion  of  the  sky- 
wave  Fresnel  zone,  the  Xeledop  measurement  provides  an  adequate  estimate  of  the  skywave  gains 
at  this  elevation  angle.  The  Xeledop  measurements  at  the  higher  elevation  angles  also  provide  an 
adequate  measure  of  the  skywave  antenna  gains. 
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Table  4:  Extent  of  first  Fresnel  zone,  for  a  short  antenna  and  a  signal  at  11°  elevation 


frequency 

(MHz) 

transmitter  at  7 -km 
ground  distance 

transmitter 
infinitely  far  away 

5.1 

1.22  km 

1.46  km 

9.3 

0.72  km 

0.80  km 

11.5 

0.60  km 

0.65  km 

15.1 

0.46  km 

0.50  km 

18.0 

0.39  km 

0.41km 

6.2.3  Statistical  Results 

A  way  of  presenting  the  data  that  allows  more  of  the  results  to  be  seen  at  once  and  pro¬ 
vides  additional  insight,  is  a  tabulated,  statistical  presentation.  The  antenna  gains  observed  over 
the  circular  flight  paths  were  analyzed  to  determine  the  rms  variations  from  the  mean.  These  var¬ 
iations  are  listed  in  Tables  5,  6,  and  7  for  antennas  #5,  #9,  and  #11  respectively,  for  the  various 
elevation  angles  and  frequencies.  In  interpreting  these  results,  it  should  be  noted  that  the  maxi¬ 
mum  variations  from  mean  are  several  times  larger  than  the  rms  variations  in  many  cases.  None¬ 
theless,  the  rms  variations  provide  a  basis  for  comparison,  in  determining  which  conditions  tend 
to  produce  the  greatest  azimuthal  variations  in  the  antenna  patterns. 


Table  5:  Rms  variation  in  gain  observed  over  azimuth,  for  antenna  #5,  for  various 

frequencies  and  elevation  angles. 


elevation 

5.1  MHz 

9.3  MHz 

11.5  MHz 

15.1  MHz 

18.0  MHz 

4.5° 

1.2  dB 

1.3 

1.4 

1.0 

0.8 

11°  (cw) 

0.9 

1.1 

1.1 

0.8 

0.7 

11°  (ccw) 

0.9 

1.2 

1.2 

0.8 

18° 

0.7 

0.9 

1.3 

0.9 

0.8 

31° 

0.6 

0.6 

1.2 

1.1 

1.0 

49° 

1.1 

1.1 

1.6 

1.6 

1.1 
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Table  6:  Rms  variation  in  gain  observed  over  azimuth,  for  antenna  #9,  for  various 

frequencies  and  elevation  angles. 


elevation 

5.1  MHz 

9.3  MHz 

11.5  MHz 

15.1MHz 

18.0  MHz 

1.4  dB 

1.2 

1.8 

1.0 

1.5 

11°  (cw) 

0.7 

1.2 

1.6 

1.0 

1.5 

11°  (ccw) 

0.8 

1.2 

1.8 

1.0 

1.6 

18° 

0.5 

1.1 

1.7 

0.9 

1.3 

31° 

0.7 

0.9 

1.7 

1.1 

1.4 

49° 

1.0 

1.5 

1.9 

1.5 

1.5 

Table  7:  Rms  variation  in  gain  observed  over  azimuth,  for  antenna  #11,  for  various 

frequencies  and  elevation  angles. 


elevation 

5.1  MHz 

9.3  MHz 

11.5  MHz 

15.1  MHz 

18.0  MHz 

|  1.6  dB 

1.3 

1.0 

0.7 

0.6 

11°  (cw) 

0.8 

1.0 

0.8 

0.5 

0.8 

11°  (ccw) 

0.9 

1.0 

1.0 

0.6 

0.8 

18° 

0.5 

0.7 

0.9 

1.0 

1.1 

31° 

0.6 

0.7 

1.1 

0.9 

0.8 

49° 

1.1 

1.0 

1.8 

1.5 

1.7 

The  results  in  Tables  5,  6  and  7  confirm  the  findings  of  the  azimuthal  gain  plots  based  on 
fewer  measurements. 

Antenna  #11,  which  is  furthest-removed  from  other  radiating  structures,  tends  to  have 
smaller  azimuthal  variations  in  gain  than  the  other  two  antennas.  Antenna  #9,  which  is  fairly 
close  to  the  larger  elements  in  the  outer  ring  of  the  Pusher  array,  has  the  largest  azimuthal  varia¬ 
tions  in  gain.  These  differences,  which  were  previously  noted  in  Section  6.2.2,  suggest  that  the 
antenna  patterns  are  being  affected  by  interaction  between  elements. 

At  the  lowest  operating  frequency,  5.1  MHz,  the  azimuthal  rms  gain  variation  shown  in 
Tables  5, 6  and  7  is  significantly  greater  at  the  lowest  elevation  angle  (4.5° )  than  the  other  eleva¬ 
tions.  This  is  true  for  all  three  antennas.  A  similar  but  much  weaker  effect  occurs  at  the  next  low- 
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est  frequency  (9.3  MHz).  This  effect  is  due  to  the  ground  feature  inferred  previously  in  Section 
6.2.2,  to  extend  outwards  of  3  km  and  thus  to  contribute  to  the  first  Fresnel  zones  of  the  antennas 
at  4.5°  elevation  and  5.1-MHz  and  possibly  9.3-MHz  frequencies,  but  not  the  other  elevations 
and  frequencies.  The  highest  elevation  angle  (49°)  likewise  experiences  larger  rms  gain  varia¬ 
tions,  likely  due  to  transmitting  antenna  orientation  variations  as  discussed  in  Section  6.2.  Apart 
from  these  differences,  the  rms  variations  in  gain  with  azimuth  do  not  show  any  obvious  consist¬ 
ent  differences  with  elevation  angle,  over  the  five  frequencies  measured. 


6.3  Relative  Phase  Patterns 

The  differential-GPS  position  error  is  less  than  10  m,  which  corresponds  to  an  absolute 
phase  error  of  60°  at  a  5.1-MHz  operating  frequency,  and  more  at  higher  frequencies.  Relative 
phase  measurements  are  much  more  accurate.  For  instance,  for  the  azimuthal  runs  at  11 0  eleva¬ 
tion,  a  10-m  position  error  corresponds  to  at  most  a  relative  phase  error  of  1.3°  between  antennas 
#1  and  #12,  at  5.1  MHz.  (Antenna  #12  is  the  furthest  removed  from  antenna  #1,  and  thus  will 
have  the  largest  relative  phase  error  due  to  position  errors).  At  the  highest  frequency,  18.0  MHz, 
the  corresponding  maximum  relative  phase  error  is  4.7  0 .  Thus  the  Xeledop  should  be  capable  of 
providing  reasonably  accurate  relative  phase  measurements  which  suffice  for  applications  such 
direction-finding  and  adaptive  interference  cancellation,  but  cannot  provide  absolute  phase  meas¬ 
urements.  (It  should  be  noted  that  the  quoted  errors  are  upper  limits;  most  of  the  time  the  errors 
will  be  much  less.) 

Figure  21  shows  representative  plots  of  the  difference  A<]>  from  spherical  wavefront  theory 
in  the  relative  phase  response  between  antennas  #5  and  #1,  at  9.3  MHz,  as  a  function  of  azimuth, 
for  various  elevation  angles.  The  values  of  A<|>  observed  in  this  figure  are  a  few  degrees  or  more: 
substantially  larger  than  the  phase  errors  predicted  from  a  10-m  position  error.  (For  these  anten¬ 
nas  and  this  frequency,  a  position  error  of  10  m  corresponds  to  a  phase-difference  error  of  at  most 
0.15°,  0.21°,  0.28°,  0.42°,  and  0.55°  for  elevation  angles  of  4.5°,  11°,  18°,  31°,  and  49° 
respectively.)  The  plots  at  all  but  the  highest  elevation  angle  are  similar  in  the  way  A<J>  varies  over 
azimuth:  variations  from  spherical  theory  A<{>  are  of  the  order  of  a  few  degrees,  and  occasionally 
reach  20° .  At  49°  elevation,  the  variations  A<j)  are  substantially  larger  and  show  a  markedly  dif¬ 
ferent  azimuth  dependence. 

Similar  plots,  displaying  A<|>  for  antennas  #9  and  #11  relative  to  antenna  #1,  are  provided 
in  Figures  22  and  23,  respectively.  These  figures  show  a  behaviour  similar  to  that  of  Figure  21. 
The  azimuthal  variations  in  A<J>  are  similar  for  the  four  lower  elevation  angles  of  4. 5°,  11°,  18°, 
and  31 0 .  As  before,  Aty  tends  to  be  a  few  degrees  most  of  the  time,  and  occasionally  increases  to 
as  much  as  20°  relative  phase.  The  azimuthally-dependent  variations  in  A(J>  remain  roughly  the 
same  for  elevation  angles  between  4.5°  and  31° .  The  azimuthal  variations  in  A4>  at  49°  eleva- 
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Figure  21.  Afyfor  antennas  #5  relative  to  Mat  9.3  MHz,  plotted  as  a  function  of 
azimuth  for  various  elevation  angles. 
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Figure  22.  Afyfor  antenna  # 9  relative  to  #7  at  9.3  MHz ,  plotted  as  a  function  of 
azimuth  for  various  elevation  angles. 
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Figure  23.  Atyfor  antenna  #11  relative  to  #1  at  9.3  MHz,  plotted  as  a  function  of 
azimuth  for  various  elevation  angles. 
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tion  are  much  larger  than  those  at  the  other  (lower)  elevations  and  do  not  show  the  same  azi¬ 
muthal  dependence. 

The  49°  results  may  be  dependent  on  the  antenna  separation,  possibly  suggesting  an 
unexpectedly  large  transmitter  position  error.  The  relative  phase  responses  for  antenna  #5  (a  sep¬ 
aration  from  antenna  #1  of  40  m)  differ  from  spherical  wavefront  values  by  as  much  as  30°  to 
40°  at  this  elevation  angle  (Figure  21),  as  do  the  relative  phase  responses  for  antennas  #9  (a  sepa¬ 
ration  of  95  m)  (Figure  22).  However,  the  relative  phase  responses  for  antennas  #1 1  (a  separation 
of  131  m)  differ  from  the  spherical  wavefront  values  by  as  much  as  50°  (Figure  23).  This  issue 
is  explored  more  thoroughly  later  in  the  report. 

Observations  at  the  other  frequencies  confirm  the  present  findings,  that  the  relative-phase 
results  are  consistent  between  different  elevation  angles  with  the  dramatic  exception  of  the  high¬ 
est  elevation  (49° )  where  the  differences  from  theory  vary  differently  with  azimuth  and  are  much 
larger. 


The  frequency  dependence  of  the  antenna  phase  measurements  is  illustrated  in  Figures  24, 
25,  and  26.  These  figures  show  the  difference  from  theory  in  the  phase  response  of  antennas  #5, 
#9,  and  #11  respectively,  taken  relative  to  antenna  #1,  for  the  five  frequencies  used  in  the  pattern 
measurements.  The  11 0  -elevation  flight  path  measurements  were  used  for  these  figures. 

From  Figures  24, 25,  and  26,  the  values  observed  for  A<|)  for  the  three  antennas  can  be  seen 
to  increase  as  the  operating  frequency  is  raised.  Differences  between  the  three  antennas  appear  to 
dominate  the  azimuthal  patterns  at  the  5.1-,  9.3-,  and  11.5-MHz  operating  frequencies.  Also, 
there  is  little  similarity  between  these  three  frequencies  in  the  observed  azimuthal  variations  of 
A<().  At  the  two  highest  frequencies  (15.1  and  18.0  MHz),  a  different  behaviour  is  observed:  the 
observed  values  of  Ac{)  have  a  roughly  similar  azimuthal  dependence,  not  only  between  the  two 
frequencies  but  also  between  the  three  illustrated  antennas.  (The  similarity  between  antennas  in 
their  relative  phase  behaviour  at  these  frequencies  does  not  necessarily  indicate  a  common  per¬ 
turbing  mechanism  remote  from  the  array;  the  values  shown  are  taken  relative  to  a  common 
antenna  (#1)  whose  own  azimuthal  phase  dependence  may  well  be  the  source  of  the  similar  azi¬ 
muthal  behaviour.) 

One  anomalous  result  is  observed  in  Figures  24,  25,  and  26.  Generally,  the  values  of  A<|) 
vary  with  azimuth  about  an  average  near  0° .  A  single  exception  to  this  is  seen  at  5.1  MHz  in  Fig¬ 
ure  26  for  antenna  #11.  The  observed  large  offset  in  this  case  (approximately  -30°)  is  likely 
caused  by  an  error  in  the  channel-calibration  phase  correction  for  antenna  #11  at  5.1  MHz.  The 
same  offset  is  observed  for  this  antenna  and  frequency  for  the  flight  paths  flown  at  other  eleva¬ 
tions,  in  agreement  with  the  interpretation. 


36 
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difference  from  theory  in  relative  phase  response  A<J>  of  antennas  11  and  1  (degrees) 
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Figure  26.  A<J>  for  antenna  #11  relative  to  #1  at  11  degrees  elevation,  plotted  as  a 
function  of  azimuth  for  five  operating  frequencies. 


A  check  on  the  effect  of  position  errors  on  the  relative  phase  measurements  can  be  made 
by  comparing  the  results  of  the  two  runs  made  over  the  same  flight  path,  at  1 1 0  elevation,  in  the 
clockwise  and  counterclockwise  directions.  Figure  27  shows  the  result  for  antenna  #5  taken  at  9.3 
MHz.  As  can  be  seen  from  this  figure,  the  two  sets  of  measurements  are  in  good  agreement. 
Small  differences  exist,  but  they  are  much  smaller  than  the  azimuthal  variations  themselves. 
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Figure  27.  A<t>/or  antenna  #5  relative  to  #1,  at  9.3  MHz  operating  frequency  and 
11  degrees  elevation  angle,  obtained  as  a  function  of  azimuth  from  clockwise 
and  counterclockwise  flight  paths. 


Table  8  summarizes  the  result  for  all  antennas  and  frequencies,  showing  the  rms  variations 
in  the  difference  from  theory  in  the  relative  phase  response  A<f>  and  the  corresponding  rms  meas¬ 
urement  error  deduced  from  a  differences  seen  between  the  clockwise  and  counterclockwise  runs, 
for  all  antennas  and  operating  frequencies.  From  this  table,  it  is  clear  that  the  errors  introduced  by 
the  measurement  technique  (position  and  otherwise)  are  much  less  than  the  observed  differences 
from  theory  in  the  relative  phase. 

Other  features  of  the  relative  phase  response  can  also  be  seen  in  Table  8.  Firstly,  there  is 
only  a  very  small  dependence  of  the  difference  from  theory  A<|)  on  antenna  separation:  the  smallest 
antenna  separation  (antenna  #2)  appears  to  deviate  less  from  theory  in  its  relative  phase  response 
than  the  others,  which  do  not  differ  between  themselves  appreciably.  The  difference  from  theory 
does  increase  significantly  with  frequency,  although  not  quite  proportionally. 
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Table  8:  Rms  differences  from  mean  in  the  difference  from  theory  in  phase  response  A<|> 
relative  to  antenna  #1,  as  measured  for  each  antenna  and  frequency  at  11 0  elevation  angle, 
and  the  corresponding  rms  measurement  error  (in  brackets)  deduced  from  a  comparison  of 

clockwise  and  counterclockwise  runs. 


antenna 

5.1MHz 

9.3  MHz 

11.5  MHz 

15.1  MHz 

18.0  MHz 

2 

2.1°  (0.5°) 

5.3  (1.2) 

7.6  (1.0) 

8.4  (1.0) 

9.9  (1.4) 

3 

4.0  (1.1) 

6.8  (1.3) 

8.2  (1.2) 

11.5  (0.9) 

13.1  (1.4) 

4 

4.4  (1.2) 

7.0  (1.5) 

8.4  (1.4) 

11.9  (1.1) 

13.6  (1.6) 

5 

4.7  (1.2) 

7.1  (1.6) 

10.0  (1.8) 

12.1  (1.3) 

15.0  (2.2) 

6 

4.6  (1.3) 

10.4  1.9) 

10.8  (1.9) 

9.5  (1.5) 

11.8  (2.3) 

7 

4.9  (1.3) 

7.5  (1.8) 

9.4  (1.8) 

13.4  (1.3) 

16.4  (1.9) 

8 

4.7  (1.3) 

7.1  (1.8) 

8.8  (1.8) 

14.8  (1.3) 

15.4  (1.8) 

9 

5.2  (1.6) 

8.2  (2.7) 

12.4  (2.9) 

12.3  (2.6) 

12.9  (2.9) 

10 

6.7  (1.6) 

6.3  (2.4) 

12.1  (3.7) 

10.1  (2.7) 

12.6  (3.4) 

11 

4.9  (1.6) 

7.2  (3.2) 

10.0  (4.0) 

12.7  (3.5) 

12.4  (3.8) 

12 

6.9  (2.2) 

7.8  (3.2) 

9.5  (4.5) 

9.7  (3.5) 

10.0  (4.4) 

The  measurement-related  errors  shown  in  Table  8,  unlike  the  differences  from  theory  A<t>, 
do  show  a  strong  dependence  upon  antenna  separation  as  well  as  frequency,  consistent  with  what 
might  be  expected  if  the  errors  are  primarily  due  to  position  uncertainties.  Making  the  assump¬ 
tions  that  the  largest  relative  phase  measurement  errors  (recorded  for  antenna  #12  which  has  the 
largest  separation)  are  due  entirely  to  position  errors,  and  that  these  position  errors  do  not  vary 
appreciably  from  flight  to  flight,  the  relative  phase  measurements  expected  for  other  elevations 
can  be  calculated.  Using  the  11.5-MHz  measurement  error  given  in  Table  8  for  11  0  elevation, 
relative  phase  measurement  errors  of  3.2  0 , 6.1  0 , 9.2  0 ,  and  11.9  °  are  predicted  for  4.5  0 , 18  0 , 
31  0 ,  and  49  0  elevations  respectively,  for  antenna  #12  at  this  frequency.  (The  phase  error  meas¬ 
urement  for  antenna  #12  of  11.5  MHz  corresponds  to  the  largest  position  error  estimate  over  all 
frequencies  and  antennas,  and  thus  provides  an  upper  limit  to  the  relative  phase  measurements 
errors  calculated  for  other  elevations.  The  corresponding  position  error  estimate  is  16  m,  some¬ 
what  greater  than  the  10  m  differential-GPS  maximum  position  error;  the  greater  error  may  be 
caused  by  uncertainties  in  the  exact  position  of  the  transmitter  relative  to  the  aircraft.) 

The  observed  rms  variations  with  azimuth,  in  A(j>  for  antenna  #12  relative  to  #1  at  11.5 
MHz  (8.6°,  9.5  °,  9.8  °,  and  32.1  °,  for  4.5  °,  18  °,  31  °,  and  49  0  elevations,  respectively)  are 
for  the  most  part,  substantially  higher  than  the  inferred  relative  phase  measurement  errors. 
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Tables  9,10  and  11  show  the  rms  variations  with  azimuth,  in  the  difference  from  theory  in 
the  relative  phase  A<J>  of  antennas  #5,  #9,  and  #1 1  respectively,  as  a  function  of  elevation  angle  and 
frequency.  Also  included  (in  brackets)  are  the  corresponding  relative  phase  measurement  rms 
errors  inferred  from  the  clockwise/counterclockwise  flight  path  differences  observed  at  11  0  ele¬ 
vation,  on  the  assumption  that  these  differences  are  due  to  a  statistically  constant  rms  position 
error.  The  behaviour  noted  in  Table  7  is  also  apparent  in  Tables  9, 10  and  11. 


Table  9:  Rms  difference  from  mean,  in  A<J>  for  antenna  #5  relative  to  #1,  and  the 
corresponding  measurement  error  (in  brackets)  inferred  from  the  observed  clockwise/ 
counterclockwise  differences  in  relative  phase  observed  for  antenna  #5  at  11 0  elevation,  for 

various  elevation  angles  and  frequencies. 


elevation 

5.1MHz 

9.3  MHz 

11.5  MHz 

15.1  MHz 

18.0  MHz 

4.5° 

4.4°  (0.9°) 

8.7  (1.1) 

8.7  (1.3) 

11.8  (0.9) 

14.3  (1.6) 

11° 

4.7  (1.2) 

7.1  (1.6) 

10.0  (1.8) 

12.1  (1.3) 

15.0  (2.2) 

18° 

4.6  (1.6) 

6.5  (2.2) 

8.6  (2.4) 

12.9  (1.7) 

15.3  (3.0) 

31° 

5.0  (2.4) 

6.7  (3.3) 

10.4  (3.7) 

12.9  (2.7) 

11.1  (4.5) 

49° 

6.8  (3.2) 

14.1  (4.2) 

13.5  (4.8) 

14.0  (3.4) 

14.6  (5.8) 

Table  10:  Rms  difference  from  mean,  in  A(j)  for  antenna  #9  relative  to  #1,  and  the 
corresponding  measurement  error  (in  brackets)  inferred  from  the  observed  clockwise/ 
counterclockwise  differences  in  relative  phase  observed  for  antenna  #9  at  11°  elevation,  for 

various  elevation  angles  and  frequencies. 


elevation 

5.1  MHz 

9.3  MHz 

11.5  MHz 

15.1  MHz 

18.0  MHz 

4.5° 

5.5°  (1.1  °) 

8.5  (1.9) 

13.0  (2.1) 

11.9  (1.9) 

12.6  (2.1) 

11° 

5.2  (1.6) 

8.2  (2.7) 

12.4  (2.9) 

12.3  (2.6) 

12.9  (2.9) 

18° 

5.7  (2.2) 

6.9  (3.6) 

10.9  (3.9) 

10.2  (3.5) 

11.2  (3.9) 

31° 

5.0  (3.3) 

7.6  (5.5) 

9.8  (5.9) 

10.2  (5.3) 

10.2  (5.9) 

49° 

7.9  (4.2) 

15.2  (7.1) 

25.5  (7.7) 

23.1  (6.9) 

31.9  (7.7) 
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Table  11:  Rms  difference  from  mean,  in  the  A<}>  for  antenna  #11  relative  to  #1,  and  the 
corresponding  measurement  error  (in  brackets)  inferred  from  the  observed  clockwise/ 
counterclockwise  differences  in  relative  phase  observed  for  antenna  #11  at  11 0  elevation,  for 

various  elevation  angles  and  frequencies. 


elevation 

5.1MHz 

9.3  MHz 

11.5  MHz 

15.1  MHz 

18.0  MHz 

5.7°  (1.1°) 

8.2  (2.3) 

8.3  (2.9) 

12.0  (2.5) 

11.7  (2.7) 

11° 

4.9  (1.6) 

7.1  (3.2) 

10.0  (4.0) 

12.6  (3.5) 

12.4  (3.8) 

18° 

4.6  (2.2) 

5.9  (4.3) 

9.1  (5.4) 

11.2  (4.7) 

12.6  (5.1) 

31° 

4.1  (3.3) 

7.4  (6.5) 

10.1  (8.2) 

14.0  (7.1) 

13.9  (7.7) 

49° 

11.7  (4.2) 

23.8  (8.5) 

29.7  (10.6) 

36.4  (9.3) 

45.3  (9.3) 

The  inferred  measurement  errors  are  substantially  smaller  than  the  observed  rms  values  of 
A<)>  for  each  of  the  three  representative  antennas  #5,  #9,  and  #11,  at  all  elevation  angles  and  fre¬ 
quencies.  The  observed  rms  values  of  A<J)  are  approximately  the  same  at  the  four  lower  elevation 
angles,  4.5  to  31  0 .  At  the  highest  elevation  angle  (49  0 ),  the  rms  values  increase  substantially. 

The  much  higher  differences  A<{>  from  the  spherical-wavefront  value  in  the  observed  rela¬ 
tive  phases  at  the  49  0  elevation  angle  suggests  that  the  signals  coupled  into  the  antennas  from 
neighbouring  structures  may  play  a  relatively  larger  role  than  at  the  lower  elevation  angles.  At  the 
higher  angle,  the  direct-signal  responses  of  the  vertical  antenna  elements  are  starting  to  fall  off 
significantly,  so  any  non-vertical  conducting  structures  could  have  a  much  more  significant  effect 
in  coupling  signals  to  the  vertical  elements.  Such  an  effect  would  be  felt  most  strongly  in  the 
phase  patterns,  since  the  phases,  more  so  than  the  amplitudes,  can  be  altered  significantly  by  the 
addition  of  lower-amplitude  signals  re-radiated  from  nearby  structures. 


7.0  CONCLUSIONS 

7.1  Xeledop  Pattern  Measurement  System 

The  Xeledop  transmitting  system,  on  the  basis  of  the  test  measurements,  has  been  shown 
to  be  capable  of  providing  accurate  antenna  pattern  measurements  of  both  gain  and  relative  phase, 
at  elevation  angles  between  4.5  0  and  45  °.  Typical  measurement  errors  are  of  the  order  of  0.5  dB 
in  gain,  and  3  0  in  relative  phase. 

The  pattern  measurements  are  restricted  to  a  minimum  elevation  angle  of  approximately 
4.5  0 .  This  restriction  is  caused  by  the  mismatch  between  the  first  Fresnel  zone  and  thus  ground 
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contributing  to  the  antenna  gain  and  phase  response  that  occurs  at  low  elevation  angles  between 
far-distant  skywave  signals  and  Xeledop  transmitter  signals  coming  from  a  closer  distance.  It  is 
important  to  fly  the  transmitter  as  far  away  as  possible  for  these  measurements,  recognising  that 
this  distance  is  limited  in  practice  for  any  given  elevation  by  the  maximum  attainable  aircraft 
height. 


At  higher  elevation  angles,  variations  in  the  transmitting  antenna  orientation  cause  corre¬ 
sponding  variations  in  the  signal  power  radiated  toward  the  antennas  being  calibrated,  and  result¬ 
ant  errors  in  estimated  antenna  gain.  These  errors  become  greater  with  increasing  elevation  and 
represent  a  serious  limitation  above  45  °  elevation. 

Xeledop  transmitter  position  errors  likewise  are  more  serious  in  their  effect  on  relative 
phase  at  the  higher  elevation  angles,  where  the  distances  from  the  transmitter  to  the  array  under 
calibration  are  necessarily  less.  Position  errors  are  caused  in  part  by  the  limitations  of  the  differ¬ 
ential  GPS  technique,  and  possibly  in  part  by  uncertainties  in  the  position  of  the  transmitter  rela¬ 
tive  to  the  aircraft.  The  position  errors  were  estimated  to  be  at  most  16  m  for  the  11  “-elevation 
flight  paths  (7-km  turning  radius),  but  they  might  be  larger  for  the  higher-elevation  (smaller  turn¬ 
ing  radius)  flight  paths. 

In  order  to  specify  the  measurement  errors  more  fully,  future  Xeledop  pattern  measure¬ 
ments  should  include  clockwise  and  counterclockwise  flight  paths  for  the  more  error-prone  higher 
elevation  angles.  Consideration  should  also  be  given  to  flying  radial  flight  paths  twice  to  check 
the  repeatability  of  the  elevation  pattern  measurements  as  well. 

Care  needs  to  be  taken  in  future  measurements  to  ensure  that  the  times  recorded  for  the 
GPS  position  data  and  the  corresponding  received  signal  data  are  synchronous. 


7.2  Antenna  Array 

The  antenna  array  element  patterns  were  found  to  be  substantially  different  from  those 
expected  on  the  basis  of  simple  spherical  wavefronts  propagating  over  uniform  earth.  The 
antenna  patterns  differed  from  circular  by  several  dB,  and  the  relative  phase  responses  differed 
from  those  expected  for  spherical  wavefronts  by  a  few  degrees,  and  sometimes  as  much  as  40  0  or 
even  50  0 . 

The  element  patterns  were  seen  to  be  influenced  by  neighbouring  structures  including  both 
the  other  elements  and  local  features  external  to  the  array.  They  were  also  influenced,  notably  at 
the  lower  elevation  angles  and  frequencies,  by  more  distant  anomalous  ground  features. 

The  antenna  gains  varied  most  with  azimuth  at  the  lowest  elevation  angle  (4.5  0 )  where 
relatively  distant  ground  anomalies  had  the  greatest  effect.  At  higher  elevation  angles,  localized 
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features,  including  nearby  conducting  structures  and  possibly  small-scale  ground  features,  had  a 
predominant  effect  on  the  observed  antenna  gains. 

The  relative  phase  response  of  the  antennas  showed  a  strong  dependence  on  operating  fre¬ 
quency,  differing  from  the  spherical-wavefront  values  by  amounts  that  increased  with  frequency 
in  a  slightly  less  than  proportional  manner.  The  dependence  on  antenna  separation  was  less  clear: 
smaller  differences  from  the  spherical- wavefront  value  were  observed  for  the  smallest  separation 
(antenna  #2  relative  to  #1,  6.5  m)  than  for  the  other  separations  (>  19  m),  which  showed  no  con¬ 
sistent  variation  between  themselves.  Likewise,  there  was  little  dependence  on  elevation  angle  in 
the  relative  phase  response,  for  elevations  from  4.5  0  to  31  °.  The  relative  phase  response  did 
increase  significantly  in  its  difference  from  the  spherical-wavefront  value,  at  the  highest  elevation 
angle  (49  0 ).  This  increase  could  not  be  explained  by  the  greater  effects  of  transmitter  position 
errors,  and  may  have  been  due  to  the  reduced  sensitivity  of  the  vertical  antennas  to  direct  signals 
and  the  resulting  greater  role  of  nearby  non- vertical  conducting  structures  in  coupling  signals  into 
the  (vertical)  antennas,  at  high  elevation  angles. 

In  order  to  help  establish  to  what  extent  these  antenna  patterns  can  be  predicted,  it  is  rec¬ 
ommended  that  numerical  antenna  modelling  of  the  current  array  be  conducted  (using  the  numer¬ 
ical  electromagnetic  computation  software  NEC),  thereby  obtaining  predicted  antenna  gains  and 
relative  phase  responses  that  can  be  compared  with  the  measured  values.  (Modelling  studies  are 
currently  being  conducted  under  contract.) 

It  is  also  recommended  that  simulation  studies  be  conducted,  to  establish  the  effects  the 
measured  antenna  gain  and  relative  phase  variations  have  on  direction-finding  accuracy  in  the 
presence  of  one  or  more  signals,  and  the  extent  to  which  accuracy  can  be  improved  through  the 
use  of  NEC  modelling,  and  through  actual  pattern  measurements. 
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